The measurement of SO 2 flux from volcanoes is of major importance for monitoring and hazard assessment purposes, and for evaluation of the environmental impact of volcanic emissions. We propose here a novel technique for accurate and high time resolution estimations of the gas flux. We use two wide field of view UV spectrometers capable of collecting, instantaneously, light from thin parallel cross-sections of the whole gas plume, obviating the need for either traversing, scanning or imaging. It enables tracking of inhomogeneities in the gas cloud from which accurate evaluation of the plume velocity can be made by correlation analysis. The method has been successfully applied on Mt. Erebus volcano (Antarctica). It yields estimations of the plume velocity and gas flux at unprecedented time resolution (1 Hz) and high accuracy (uncertainty of 33%). . These measurements provide insight into the short-term variations of the passive degassing of this volcano renowned for its active lava lake. A cyclicity in flux, ranging from about 11-24 min, is evident. We propose two physical mechanisms to explain this degassing pattern, associated to periodic supply of either gas-rich magma or gas alone into the lake. The dual-wide field of view DOAS technique promises better integration of geochemical and geophysical observations and new insights into gas and magma dynamics, as well as processes of magma storage and gas segregation at active volcanoes.
Introduction
Gas emissions from volcanoes are measured for several purposes, including monitoring, hazard assessment, and investigation of environmental impact. For over a century, fumarole chemistry has been studied using in-situ collection techniques. While these yield highly detailed analysis of fluid composition, field access can be limited and data streams are often discontinuous. However, since the first application of the correlation spectrometers (COSPEC), four decades ago (Moffat and Millan, 1971; Stoiber and Jepsen, 1973) , numerous ground-based, airborne and spaceborne optical remote sensing instruments and methods have emerged capable of measuring both volcanic gas fluxes and composition, for individual vents or an entire plume, and with improved temporal resolution . As a result, gas geochemistry has increasingly found its place among the operational techniques of volcano monitoring (Oppenheimer, 2003; Galle et al., 2003) . Nevertheless, the time resolution of gas measurements still lags behind what is routinely achieved in geophysical studies, limiting progress in understanding the links between seismicity, deformation and degassing that are clearly of considerable relevance for understanding volcano behaviour, especially the transition to explosive activity (Fischer et al., 1994; Watson et al., 2000; Young et al., 2003) . Some volcanoes clearly exhibit rapid changes in gas composition and flux related to magmatic activity. For instance, Oppenheimer et al. (2006) and Burton et al. (2007) have demonstrated pronounced compositional differences in gas emissions associated with and between Strombolian eruptions using the technique of open-path Fourier transform infrared spectroscopy. This technique enables observations at a frequency of about 1 Hz. But achieving comparable time resolution for gas flux measurements is another challenge, since the entire plume needs to be captured.
The most widespread method used for measuring volcanic gas fluxes is scattered light ultraviolet spectroscopy (see e.g. McGonigle and Oppenheimer (2003) for a review) using correlation spectroscopy or Differential Optical Absorption Spectroscopy (DOAS). The plume is usually profiled across its transport direction from below with a zenith-viewing telescope, the apparatus being mounted on a moving vehicle, or by use of a scanning system (Fischer et al., 2002; Edmonds et al., 2003) . The flux is then obtained from the product of the gas column abundance (integrated across the plume section) and the plume transport speed. The main sources of uncertainty in flux measurements made in this way are generally considered to be linked to light scattering processes (Millan, 1980; Kern et al., 2009) and to the error in the plume speed estimation (Stoiber et al., 1983; Williams-Jones et al., 2006) , which is sometimes taken to be the wind speed measured or modelled close to the plume altitude. But even if wind speed is measured at the exact plume altitude, it may not represent well the plume velocity due to the complex wind-fields that develop downwind of volcanoes due to topography. Different methods have been proposed to enhance plume speed accuracies but are not yet widely used. One approach is to use multiple UV spectrometers sited at fixed positions some distance apart so as to track the transport of inhomogeneities in the plume (McGonigle et al., 2005a; WilliamsJones et al., 2006) ; related approaches use a single instrument carried beneath the plume, with optics that enable alternating fields of view, one at zenith, the other inclined (McGonigle et al., 2005b) , or simultaneous measurements in two directions using a double spectrometer (Johansson et al., 2009) . Latterly, imaging UV techniques (imaging DOAS or UV cameras combined with appropriate narrow band filters) have been demonstrated (Bobrowski et al., 2006; Bluth et al., 2007; Mori and Burton, 2006) , which can achieve a high time resolution on flux measurements.
Here we propose an alternative, simple solution which is to use a system employing two UV spectrometers equipped with wide field of view telescopes that instantaneously collect light from two narrow and parallel entire cross-sections of the plume (Fig. 1 ). This obviates the need for either traversing, scanning or imaging. We will use the acronym DW-FOV DOAS (dual-wide field of view DOAS) to refer to this technique. By using two spectrometers with fields of view separated by a small angle, time-series of retrieved gas amounts can be correlated to obtain (through knowledge of the viewing and plume geometry) the plume transport speed through time. Such a system is capable, therefore, of accurate, highly time-resolved measurements of volcanic gas fluxes.
The aim of this paper is to describe this new instrumentation and methodology, and to apply the approach to rapid measurements of SO 2 fluxes at Mt. Erebus in Antarctica. Interest in the emissions from Erebus is fuelled by the potential impact of sulfur, halogens and NO x on the pristine atmospheric environment (Radke, 1982; ZredaGostynska et al., 1993 ZredaGostynska et al., , 1997 Oppenheimer et al., 2005 Oppenheimer et al., , 2009a , but also because the volcano is renowned for its dynamic lava lake and Strombolian activity. This technique provides new possibilities to investigate the magma degassing of volcanoes that exhibit short-term variability in the dynamics of magma transport and degassing, which are reflected in changes in eruptive behaviour (Oppenheimer et al., 2009b; Harris et al., 2005) . Measurements are now also much more comparable in terms of frequency of data acquisition with observations provided by common geophysical tools such as seismology. At Erebus, interpretation of the observed SO 2 variations in terms of magma dynamics is simplified by the limited role of hydrothermal scrubbing of emissions (Symonds et al., 2001 ). Moreover, observations of SO 2 flux from the volcano by scanning UV spectroscopy have previously suggested a periodicity of ∼ 10 min (Sweeney et al., 2008) , which we are keen to investigate further.
After a section describing the methodology, we will present the high resolution time-series of plume speed and flux obtained at Erebus. A wavelet analysis of these flux observations reveals distinctive patterns in degassing. We will discuss about their interpretation in terms of gas and magma dynamics as well as processes of magma storage and gas sequestration. Finally, three appendices include some technical content and an electronic supplement to this article presents an animation showing the results in the form of a "SO 2 fluxmeter" superimposed on video of the plume.
Methodology
Note that all mathematical symbols used in the following are listed in Table 1 .
Experiment description
We collected UV DOAS spectroscopic measurements at Erebus on 26 December 2006 during conditions of clear sky and low wind, such that the plume rose approximately vertically from the crater. Spectra were recorded using two Ocean Optics USB4000 spectrometers spanning a wavelength range of about 283-440 nm, with a resolution of, respectively, 0.5 and 0.6 nm (FWHM). Hoya filters were used to reduce the amount of stray light. As shown in Fig. 1 , each spectrometer was attached to a telescope consisting of spherical and cylindrical lenses that provide a horizontal angle of aperture θ WFOV of ∼22°, giving an elongated horizontal field of view, and a narrow vertical angle of aperture θ NFOV of ∼0.5°defined by the width of the spectrometer's slit and the focal length of the positive lens. The long axis of the field of view (d X ) was designed so that the projected θ WFOV footprint (equivalent to ∼810 m at the distance of the plume of ∼2004 m here) would sample the entire plume. The long axes of the fields of view were parallel but displaced, so that each instrument viewed a different cross-section of the plume, determined by the observation geometry.
Spectra from each instrument were recorded in separate laptop computers, whose clocks were synchronized using a GPS unit so as to yield a time-stamped series of data. All observations were made from Lower Erebus Hut, a horizontal distance D of ∼1960 m from the summit of Erebus, and mostly viewed the vertically-rising plume during periods with very low winds. The elevation of the lowermost field of view (α) was ∼12°and separation of the two fields of view (β) was 2.0°, precisely adjusted thanks to a goniometer. The distance d Y between the two fields of view is then:
and was equal to ∼72 m at the summit. The plume was thus crossed at respectively ∼78 and ∼150 m above the crater. Spectra were collected with an exposure time of 130 ms, maximizing their amplitude but avoiding saturation below 350 nm, and 8 spectra were averaged resulting in a time-step of ∼1 s between measurements. 'Background' and 'dark' spectra were recorded at the start of each set of observations. Background spectra were collected by rotating both spectrometers about the vertical axis so as to point out of the plume.
Spectroscopic retrieval
SO 2 column amounts were retrieved following differential optical absorption spectroscopy (DOAS) procedures (Platt and Stutz, 2008) . The reference spectra included in the nonlinear fit were obtained by using WinDOAS convolving high resolution SO 2 (293 K, air) (Bogumil et al., 2003) and O 3 (246 K, air) (Burrows et al., 1999) cross-sections with Gaussian instrumental line shapes estimated using a mercury lamp (FWHM = 0.5 and 0.6 nm for the lower and upper spectrometers, respectively). A ring spectrum calculated using DOASIS was also included in the fit as well as a third order polynomial to remove broad band structures from measured optical densities. The same optimized fitting window (307.6-330.0 nm) was selected to analyze data from both spectrometers, yielding a near random fit residual structure with a minimal standard deviation. As a result, the fit residual was between ten and twenty times smaller than the SO 2 fit. Spectra recorded with the upper spectrometer are slightly noisier than those from the lower one leading to an error of a few percent higher on the retrieved column amounts. The obtained time-series of the SO 2 column amounts for both instruments are shown in Fig. 2 .
We are using wide field of view UV spectrometers capturing instantaneously whole horizontal plume cross-sections at two different altitudes. Hence, the retrieved gas amount for one W-FOV DOAS instrument can be approximated by the mean column amount along the different directions inside the wide angle of observation, as shown in Appendix A. The relative error on this approximation (Eq. (A.18)) depends on plume optical densities of the studied volcano. As illustrated by Fig. 8 , this relative error is of a few percent for a weak gas emitter like Erebus, and could reach in the worst case up to 45% for a strong gas emitter like Kilauea volcano (assuming SO 2 column amounts up to 5 × 10 18 molec cm
).
Plume speed retrieval
Inhomogeneities, induced by turbulence or variations in volcanic degassing rate, give characteristic structures to the plume, which can be observable through the time-series of the gas column amounts obtained for each spectrometer. Correlation analysis is used to estimate the transport speed of these structures, representative of the spatially averaged plume velocity over the distance separating the fields of view of each spectrometer and of the mean plume speed on the time window used for correlation.
Principle of the cross-correlation analysis
Estimating the plume speed (with a time resolution of ∼ 1 s) at time t requires calculation of the cross-correlation coefficients between segments of the two column amount time-series selected using a sliding window of a given duration ΔT, centred respectively in t for the lower spectrometer and in (t + τ) for the upper spectrometer, where τ is the time shift between the two windows (see Fig. 4 for symbols). Cross correlation coefficients CCF(t, τ, ΔT) consequently depend on three variables.
The time lag τ lag between the upper spectrometer signal and the lower one, corresponding to the time for an inhomogeneity to travel from the first to the second instrumental FOV, is a priori equal to the time shift, giving the absolute maximum of the cross-correlation coefficients calculated at time t, with τ varying in [0:Δτ:τ max ] where Δτ represents the incremental time step of the cross correlation (equal to 2 s here) and τ max the maximum value of τ associated with the minimum expected plume speed taken equal to 0.1 m s
Plume speed υ is deduced from this time lag according to the relation:
Because spectrometer's fields of view do not cross perpendicularly the plume but are slightly inclined, the distance d Y separating them at the entrance of the plume is a bit different than at its exit, depending on the plume depth (less than 400 m at Erebus which is the crater size seen by pointing from Lower Erebus Hut). This uncertainty on d Y is taken into account in the estimation of error on the speed, developed in the Results section, by assuming an uncertainty of ±50 m on the horizontal distance D between spectrometers and plume.
Influence of the correlation window length
As shown in Fig. 3A , estimated plume speeds depend on the length of the sliding correlation window, compared with the time interval between two structures in the degassing. Velocities are smoothed with a long window, while a narrow window yields estimations closer to the instantaneous plume speed. However, very low velocities obtained with the narrow window (close to ∼0.1 m s − 1 ) do not have a physical meaning but show the limit of the correlation analysis and the need for a refinement of the method to remove them. Indeed, recurrent structures can exist in the observed degassing and lead to a periodicity in the cross-correlation function, relative to the time shift, which is more pronounced with a narrow window (Fig. 4) . In this case, the speed estimated from the absolute maximum of the CCF coefficients, over the range of τ values, can yield a match between a structure recorded at the first spectrometer, not with the time-delayed corresponding structure at the second instrument as desired, but with a translated structure resulting from a consecutive inhomogeneity in the plume. An additional criterion is thus required to determine a relevant time lag by selecting the first local maximum of the CCF function. Moreover, this maximum is retained only if it presents a significant amplitude above a given threshold, which needs to be determined. If these criteria are not fulfilled, velocity cannot be estimated. Note that the longer the window, the less likely this artifact will arise, given that secondary peaks are more flattened due to the larger number of points taken into account for the correlation calculation.
A threshold is imposed on the local maximum in the cross correlation function, which has to exceed 0.5 to be retained. Indeed, a threshold of 0.8 removes irrelevant very low velocities of ∼0.1 m s − 1 , but also some relevant output speed values. With these additional criteria (considering a threshold of 0.5), we mainly observe velocities ranging from 1 to 2.5 m s
, with values very similar for both narrow and long windows (Fig. 3B ). Estimates are not identical. Narrow window speeds are more dispersed because they represent near instantaneous velocities rather than the averaged ones obtained with the long window. Some limits of the correlation analysis using a narrow window, associated with characteristics of the gas plume, remain and explain large discrepancies with the speeds estimated using a long window. They lead to velocities mostly below 0.5 m s − 1 or higher than 2.5 m s − 1 . These limits in the method are explained in Appendix B.
Results

Time-series of SO 2 column amounts
SO 2 column amount time-series obtained for both spectrometers (Fig. 2 ) reveal similar patterns, with a time delay expected for the upper instrument dataset corresponding to the time for an inhomogeneity to travel from the first to the second spectrometer FOV. The slight differences in amplitude between the time-series can result from various processes.
The sensitivity of both instruments can be assumed to have a multiplicative effect on the measured light intensity. Optical depths and gas column amounts are consequently independent of it. On the other hand, the error in the column amount from the DOAS retrieval, resulting from the fitting procedure (Stutz and Platt, 1996; Hausmann et al., 1999) , is between 3 and 12% for both instruments. It explains a part of these differences.
Additional errors in the column amount are linked to the scattering of light by air molecules and particles (Millan, 1980; Platt et al., 1997; . The modelling work of Kern et al. (2009) gives a quantification of this effect, including in-plume multiple scattering and the 'light dilution effect'. Given the low SO 2 Fig. 3 . Plume speed vs. time since start of the dataset start at 20:24:48 UTC for (A) different sliding windows used for correlation analysis (with a duration ΔT of respectively 1200, 600 and 150 s), (B) a narrow and long sliding window (ΔT = 150 and 600 s), using the criterion selecting the first local maximum in the CCF function, relative to the time shift, with an amplitude above a threshold of 0.5. column amounts and aerosol load (with an aerosol extinction coefficient assumed to be less than 0.5 km − 1 , as at Etna (Fiorani et al., 2009) ), the very limited ash content in the Erebus plume, and the distance (∼2 km) between plume and spectrometers, the error on the estimated column amount is less than 10% over the wavelength range used for retrieval (308-330 nm). Nevertheless, the impact of the light dilution effect may be underestimated with this study which does not consider a wide spectrometer angle of observation, especially when the plume is far from filling the whole field of view. More experiments would be required to quantify this phenomenon. Finally, light scattering influences the absolute amount of gas but should have a negligible impact on the differences identified between spectrometers because they are both pointing at about the same altitude, equivalent to just 75 m apart when projected to the crater, leading to negligible differences in light path lengths. The plume studied in this experiment was mainly vertical. Contrary to horizontal plumes, which are principally advected by the wind, vertical plumes rise due to buoyancy. They can be influenced by the local wind field at an altitude where their vertical buoyancy-induced velocity is smaller than the horizontal component of the wind. At this stage, they expand laterally forming a bend. If the two fields of view intersect such a bend, gas molecules are effectively "counted" more than once, leading to an over-estimation of the column amount. It can explain differences in column amount timeseries, the higher spectrometer being potentially the only one affected. We checked a video footage recorded during our experiment and observed occasionally a bend in the plume at a height less than 200 m above the crater, i.e., below the altitude of the upper spectrometer's FOV. It happened during three time intervals (0-939, 1464-1866, and 3354-3791 s after the start time of 20:24 h GMT), and the column amounts measured with the upper instrument were only 2-10% higher than those obtained with the lower spectrometer (see Fig. 2 ). Consequently, this issue only weakly affects the results.
An additional process is associated with the presence of stagnant, diffuse SO 2 around the plume, which sometimes forms a thin veil as seen on the video. This background pollution is hard to quantify but is certainly negligible compared with the previously mentioned processes.
Errors on column amounts (CA) are less than 10% for each spectrometer. The main differences between the two CA time-series are of higher magnitude and cannot be due to any of these artifacts but result from atmospheric phenomena to be discussed later. The lower field of view is likely to present the time variations in column amount the closest to those of the emission of gas at the magma source. It is consequently chosen for the flux estimation.
Plume speed time-series
We have seen in Section 2.3.2 some issues encountered when the plume speed is evaluated with a narrow correlation window (here of 2.5 min), due to limits of the correlation analysis method. When evaluations are available, estimated speeds are closer to real-time values, which is of considerable interest when studying very short-term eruptive behaviour such as explosions. There was no Strombolian activity during our experiment, and we are primarily interested in exploring periodic behaviour with cycles around 10 min. For this reason, the SO 2 flux is calculated from the speed estimated with a longer correlation window of 10 min (Fig. 5B) . Cross-correlation coefficients used for wind speed determination are shown in Fig. 5C with values most of the time significantly higher than the chosen threshold of 0.5. The average plume velocity varies smoothly over the range 1-2.5 m s − 1
. By a basic differential calculation from Eq. (2), the uncertainty in the speed is estimated as 0.1 m s − 1 considering uncertainties in the distance between the two spectrometer's fields of view (Δd Y ) and in the time lag between the upper and lower column amount signals (Δτ lag ) of respectively 9 m and 2 s. Δd Y is dependent on, respectively, the uncertainties in the angle β between the two spectrometers' fields of view, taken to be 2 ± 0.2°(our goniometric stage has a precision of 0.1°but the resulting uncertainty is considered greater considering imperfections in the structure supporting both spectrometers); the elevation angle α of the lowermost field of view which is 12 ±0.5°; and the horizontal distance D between observation site and plume which is 1960±50 m. Δτ lag results from the common width of the cross-correlation function maximum, which provides an estimate of the time lag. It is important to note that the obtained velocity represents an average value of the plume speed between the two spectrometer FOVs. In reality, a deceleration of the plume rise is expected due to a loss of buoyancy with ascent. Moreover, the speed is also averaged over the length of the correlation window, used to estimate the time lag, as mentioned above. Plume velocities estimated with the DW-FOV DOAS are similar to speeds evaluated using video techniques. To estimate speed from the video, we tracked clearly defined fronts of ascending puffs (on a time scale of 30 s) and used for a distance scale mapped asperities on the crater rim (clearly visible in the video). Decreasing velocities (averaged at 30 s) were seen, in the range of 2.8-2.1 ± 0.4 m s − 1 for altitudes ranging from 165 to 230 m above the crater, which correspond approximately to the heights of the spectrometers' fields of view at ∼78 and ∼ 150 m (note that speeds were estimated with video at slightly higher altitudes than spectrometer FOVs, where puff fronts were better defined). The uncertainty in this speed arises from the difficulty in locating precisely the gas puff front (at ±10 m), the error on the distance scale seen in the video field of view (estimated at 260 ± 5 m) being negligible by comparison. It is also in agreement with theoretical estimations of the rise rate of a buoyant gas puff, which are in the range of 0.6-3.2 m s − 1 at Erebus as shown in Appendix C.
SO 2 flux time-series
Given that the gas column amount CA WFOV measured with a wide field of view spectrometer approximately represents the average column amount along the different directions in the wide angle of observation (see Section 2.2 and Appendix A), the gas flux (in kg s − 1 ) estimated with this new technique is obtained from:
considering a column amount in molec cm − 2 , M the gas molar mass in kg mol − 1 and N Av Avogadro's number. At Erebus, the SO 2 flux measured during ∼ 1.7 h on 26 December 2006 varies between 0.17 and 0.89 kg s − 1 (Fig. 5A) . The uncertainty in the flux is estimated at 0.2 kg s − 1 (∼33% on the mean flux). This low value represents a considerable improvement in the accuracy of flux measurements. It depends on the different uncertainties, listed by order of magnitude, linked to the elevation angle of the lowermost FOV, the column amount (assumed equal to 10%), the plume speed, and the wide angle of FOV aperture (assuming an uncertainty on θ WFOV of 1°resulting from the adjustment of the lenses mounted on the telescopes) leading each of them to an uncertainty in the range of 0.03-0.06 kg s − 1 on the flux. Note that this obtained flux may include some gas emitted from a secondary vent within the crater known as Werner vent, though no lava was present within it during the experiment. Estimations of the gas flux with the DW-FOV DOAS are similar to previous measurements: , estimated by scanning vertical plumes each field season over two to five days in December, with plume speeds obtained from video methods by Kyle et al. (1994) .
The SO 2 flux from Erebus is low compared to many volcanoes but is similar to Erta 'Ale in Ethiopia, which also hosts a persistent lava lake (Oppenheimer et al., 2004 ). An animation showing the results in the form of an "SO 2 fluxmeter" superimposed on video of the plume, is available as an electronic supplement to this article.
Time-series analysis of flux data for Erebus
In view of the likely non-stationarity of SO 2 output from Erebus, we use wavelet analysis to explore any frequencies present in the signal, as well as their variability with time. Analysis of the flux time-series is achieved here using a continuous transform with a complex Morlet wavelet (Fig. 6 ). This wavelet analysis is particularly suitable to study our non-stationary time-series, where smooth variations in the frequency content are expected. Moreover, the Fourier transform of a complex Morlet wavelet presents an analytical expression, simplifying calculations of the wavelet transform. Full details concerning the method of analysis are given in Appendix 9. Concerning our time-series, highfrequencies are associated with variations of smaller amplitude of the signal than lower frequencies, and are consequently less energetic and visible in the wavelet analysis. We broadly distinguish three populations of distinctive periods, associated to approximately the same power at both spectrometers, which can be listed by decreasing energy as follows:
(1) Pattern 1: periods in the range 700-1300 s (∼11−22 min) for upper spectrometer; and in the range 800-1400 (possibly more) s (∼13-24 min) for lower spectrometer, which are energetic during the whole dataset. (2) Pattern 2: periods in the range 300-600 s (∼5-10 min) for the upper spectrometer, energetic until ∼3200 s; periods in the range 400-600 s (∼6.5-10 min) for the lower spectrometer, less energetic than at the upper instrument, present until ∼2000 s. (3) Pattern 3: periods in the range 100-200 s (∼1.5-2.5 min) for both spectrometers, appearing irregularly during the experiment. ) from the lower spectrometer, (B) plume speed (in m s − 1 ), (C) cross-correlation coefficient used for plume rise speed estimation fulfilling the two imposed criteria (i.e. corresponding to the first maximum of the cross-correlation function with the time shift and which has to exceed a value of 0.5), vs. time from the data set start at 20:24:48 UTC on 26 December 2006, using a 10 min correlation window. Note that the cross-correlation coefficient is artificially set to zero when it does not fulfil both required criteria. This results in four gaps in flux data during which speeds cannot be calculated from the correlation analysis.
Calculating the wavelet transform of both flux signals, to which a white noise of a chosen amplitude (equal to 0.1 kg s − 1 here) has been added, allows us to test the significance of the results. The resulting wavelet analysis is slightly different but still shows peaks in power associated with the groups of periods mentioned above, including the less energetic Pattern 3 which is consequently well above the noise level and consistent. In addition, wavelet analysis was also performed on portions of the data set without gaps (i.e. before 2000 s), verifying that these gaps, where linear interpolation was performed, do not influence the results.
Discussion
Methodology
The basis of the DW-FOV DOAS system to record high temporal resolution flux measurements relies on the estimation of the plume velocity by following inhomogeneities between the two spectrometers' fields of view crossing the plume. It is consequently important to orientate fields of view closely to the perpendicular direction to plume transport in order not to gather dissimilar plume parts in a FOV.
The distance between both FOVs also has to be carefully chosen in order to allow a relevant correlation analysis. It must not be too large such that structures recorded by the lower instrument are substantially modified or lost by the time they reach the upper spectrometer. The half-life of a turbulent inhomogeneity can be estimated considering the auto-correlation function of the column amount time-series where it corresponds to the width of its first peak (∼70 s at Erebus). A large distance can also average out variations in plume speed, especially for vertical plumes which typically decelerate. Fields of view that are too close can also impede identification of elongated puffs, which cannot be adequately differentiated during their rise from the lower to the upper field of view to carry out a meaningful correlation. Depending on the plume velocity, the minimum distance of separation is also dictated by the data sampling frequency, as well as by the uncertainty of the method of correlation analysis. Furthermore, the travel time of one inhomogeneity to reach the second field of view must be less than any periodicity of the volcanic degassing to avoid irrelevant results of the correlation analysis. As a consequence, the optimum distance between the two fields of view inside the plume will vary from one volcano to another, depending also on its activity.
Reducing the main sources of uncertainty in the gas flux estimations will improve the method. In particular, a more accurate estimation of the elevation angle of the spectrometer FOVs could be achieved quite straightforwardly. Concerning the instrument, lenses mounted on the two telescopes gave a fixed horizontal field of view width adjusted for the typical width of the Erebus plume. We have since constructed a telescopic system with adjustable fields of view to adapt to different situations. This could be particularly useful for a horizontal plume, which can display more variable dimensions with time depending on the local wind field. Vigilance is indeed required to make sure that the whole plume is captured in the wide angle of observation.
Interpretation of degassing patterns
Wavelet analysis of the flux time-series identifies three patterns in Erebus degassing (see Fig. 6 and Section 3.3.1). The most noticeable one, in terms of energy, includes periods in the range of 11-24 min which are manifest during the whole data set and for both spectrometers. The second pattern is associated with 5-10 min cycles, but is only apparent during the first half of the experiment. It is relevant to note that this behaviour is more pronounced, and that the signal is stronger, in data from the upper spectrometer (see Fig. 6 ). This suggests that the signal results from the large scale organization of turbulence inside the plume developing with height above the crater. This is commonly observed at chimneys expelling a constant gas flux where structure develops with altitude. Thus, this part of the signal yields no information about the magma source but rather the atmospheric processes modifying the large gas puffs associated with the first pattern of degassing. Further investigation would be required to quantify this influence and its dependence on the distance between the magmatic source and the plume sections crossed by the spectrometers' fields of view. The third pattern in degassing consists of shortperiod fluctuations of the flux in the range of 1.5-3 min, which appear several times during the experiment. They reveal the exhalations of smaller gas puffs covering just one part of the crater, as illustrated in the video (see electronic supplement). In the next section, we explore the magmatic processes that can explain the SO 2 flux variability focusing on Pattern 1, associated with cycles with 11-24 min period. Note that no explosions occurred during our observations according to seismic and acoustic observations. 4.2.1. Periodic gas-rich magma supply to the lava lake Periodic SO 2 degassing could be linked to pulsatory discharge of gas-rich magma into the lava lake. Such a magma flow could result from different processes. Magma convection in the conduit can promote the persistence of long-lived lava lakes with sustained ) for (A) upper and (B) lower spectrometers. Note that flux time-series are linearly interpolated to fill the few data gaps described in Fig. 5 . The three populations of distinctive periods present in the signal (referenced as Patterns 1, 2, and 3 in the figure) are discussed in the text. The cone of influence (white lines) delimits cross-hatched regions, inside which edge effects are nonnegligible.
degassing (Francis et al., 1993; Kazahaya and Shinohara, 1994; Stevenson and Blake, 1998) . The models assume bi-directional flow of a less dense, lower viscosity ascending magma, and a degassed, denser and more viscous descending magma. It has been shown that the Erebus lava lake has a sufficiently large feeder conduit radius to maintain this process for assumed viscosity and density contrasts between rising and sinking magma (Calkins et al., 2008) . Oppenheimer et al. (2009b) argued that the viscosity stratification induced by such bi-directional magma flow can lead to boudinage of the rising gas-rich magma and explain a pulsatory supply of magma into the lake (Fig. 7A) .
Variations in magma viscosity can also lead to periodic magma flow. Wylie et al. (1999) have modelled magma rise dynamics assuming a constant flux at the base of an elastic conduit. They showed how the dependence of viscosity on volatile content can lead to an oscillating magma flow at shallow depth, given a relevant range of model input parameters (Fig. 7B) . This model was applied to the andesitic Soufriere Hills Volcano (Montserrat), indicating an unstable magma flow with oscillation periods of a few hours, but it should be valid more generally during closed-system degassing. However, no analytical expression is given for the oscillation frequency. Thus we cannot identify if it reproduces the 11-24 min periodic degassing observed at Erebus, but it does provide a plausible conceptual mechanism. Periodic magma flow could also result from pressurization feedbacks between magma ascent rate, crystallization, and open vs. closed-system degassing, which have been proposed as an explanation for the periodic behaviour of andesitic and silicic domes (Melnik and Sparks, 1999; Barmin et al., 2002) .
A further explanation for periodic magma ascent is stick-slip movement along the conduit walls (Denlinger and Hoblitt, 1999) . This mechanism can be ruled out for Erebus given the absence of corresponding seismicity-the few long period earthquakes that are recorded there are associated with Strombolian explosions (Aster et al., 2003 (Aster et al., , 2008 .
Periodic gas supply to the lava lake
Gas segregation at the roof of a magma reservoir (Jaupart and Vergniolle, 1989) or in asperities such as horizontal intrusions leading from a magma conduit (Menand and Phillips, 2007) , has been suggested to explain intermittent Strombolian explosions. This mechanism considers the progressive accumulation of a gas foam that grows and becomes unstable above a critical thickness. The foam then collapses as bubbles coalesce, resulting in expulsion of overpressured gas slugs that rise to the surface generating explosions. Since there were no explosions at Erebus during the period of our experiment, we consider a variation of this process that might result in periodic passive degassing. Rather than an asperity with sharp boundaries, we consider a continuous, smooth cavity in the conduit walls, as illustrated in Fig. 7C . The gas expelled to the atmosphere is then a mixture of two sources: one, a continuous degassing from a magma rising directly from depth to surface; the other associated with the accumulation of gas in a smooth conduit cavity, which depends on the size of this segregator as well as the rising gas and magma fluxes. This smooth geometry does not allow the collapse of a gas foam but rather the regular retention and extraction of the accumulating foam. This would permit a continuous passive release of gas from the lava lake with a periodic pattern depending on the rate of gas accumulation at some depth in the magmatic system.
Complementary geochemical and geophysical observations
These two groups of physical processes allow us to interpret not only the observed periodic flux of SO 2 but also the diverse geochemical and geophysical measurements made during other field seasons at Erebus. Unfortunately, when our DW-FOV DOAS spectra were recorded in December 2006, it was already late in the field season and other instruments (thermal camera and FTIR spectrometer) were not running; so we cannot explore the correlation between the timevarying behaviour of gas flux with other parameters. Nevertheless, it is of particular interest to note that a similar periodicity of about 10 min has been identified in December 2004 from analysis of both thermal imagery of the lava lake and gas composition measured by Fourier transform infrared spectroscopy (Oppenheimer et al., 2009b) . These observations revealed cycles in lava lake convection (surface speed and direction) and heat output with periods of 4-15 min, that were phase-locked with cyclic changes in gas composition (SO 2 /CO 2 and HCl/CO ratios). Column amounts of gases measured between the crater rim and the lake surface (a distance of about 300 m) also revealed the same cyclicity, suggesting that gas fluxes were very likely periodic too. Both types of model discussed above can account for these additional observations but only gas segregation offers an explanation for the seismicity at Erebus and complementary geochemical measurements. Fig. 7 . Cartoon illustrating different processes that can explain periodic degassing. (A) Periodic magma supply to the lava lake as a consequence of boudinage of the ascending magma flow, resulting from shear stresses between the buoyant gas-rich hot rising magma and downwelling cooler degassed counterpart; (B) periodic rising magma flow resulting from volatile-dependent viscosity; and (C) periodic gas supply to the lava lake arising from gas segregation in smooth cavities in the conduit. Panel A is modified from (Oppenheimer et al., 2009b ).
The stability of oscillatory, very long period signals preceding Strombolian eruptions, over a span of five years, suggests a stable near-summit reservoir with multiple sites for gas slug coalescence as VLP sources (Aster et al., 2003 (Aster et al., , 2008 . Shallow magma sequestration is also proposed to interpret measurements of water and carbon dioxide fluxes from Erebus, which reveal that not all the magma that supplies the CO 2 emitted from the lake can reach the surface, since otherwise the H 2 O flux should be much higher than observed . Note that the presence of a CO 2 rich pre-existing fluid phase, not trapped in melt inclusions, could also explain this observation.
Further remarks
This study shows the value of accurate high resolution flux data to explore variability in magma degassing. Our experiment was only of short-duration and we only had simultaneous video images as additional data. This precludes discrimination between the alternative models for the periodic degassing behaviour of Erebus that we identified. However, it paves the way for further investigation, which will greatly benefit from complementary volcanological observations including thermal imagery, and FTIR spectroscopy to constrain the depths of gas sources in the magmatic network, the mechanisms of gas segregation, and the different modes of gas transport. A better knowledge of the magma plumbing system with the dimension of potential gas storage regions could be explored further through seismic studies. Eventually, developing physical models from conceptual mechanisms will help to determine the range of input parameters (including in particular rising gas and magma fluxes, magma rheology, the dimension of gas bubbles, and the geometry and size of gas segregators) that would lead to periodic degassing, and how the expected periodicity at Erebus could be modelled analytically.
Conclusions
We have described the construction of a dual-wide field of view UV spectroscopic system designed for the high temporal resolution measurement of volcanic gas fluxes (principally of the species SO 2 ). The novelty of the instrumental set up lies in the use of a combination of spherical and cylindrical lenses, which present an elongated field of view that is oriented perpendicularly to the plume transport direction so as to observe all SO 2 molecules present simultaneously (without the need for imaging, motion or scanning). Additionally, the two fields of view are separated by a small angle that permits tracking of plume inhomogeneities in the time-stamped datasets obtained from each spectrometer. The data analysis includes DOAS retrieval of gas column amounts and correlation analysis of the time-varying signals recorded at the two spectrometers, whose angular separation indicates the separation distance between the two instrument fields of view projected to the plume. The deployment of the system is relatively simple and it can be used, in principle, on any plume rising vertically or drifting horizontally, where the basic plume and viewing geometry can be measured with some certainty. Processing of the data could also be achieved in real-time, and it would only require limited further development to yield a real-time flux meter, capable of measurements at a frequency of 1 Hz or better, with an accuracy of 33% or better.
This method allows the study of short-term variations in volcanic degassing. We have demonstrated the vigilance required to discriminate between fluctuations linked to atmospheric processes from those resulting from magmatic activity. At Erebus, a particularly noticeable periodicity in the range of 11-24 min is apparent in the SO 2 degassing rate. Two groups of physical processes can explain this oscillatory behaviour. The first involves a periodic supply of gas-rich magma to the lava lake, which may result either from boudinage of the rising magma flow due to shear stresses between ascending and descending magmas in a bi-directional conduit flow, or from a volatile-dependent viscosity leading to an oscillating magma flow.
The second mechanism is associated with periodic supply of gas to the lake arising from gas segregation in smooth cavities in the conduit. Smaller gas puffs, leading to short-period fluctuations of the flux lasting a few minutes, are also observed intermittently. A longer experiment duration, combining flux measurements with other volcanological data streams, is needed to discriminate between the suggested source mechanisms for this particular degassing behaviour. This would improve understanding of gas and magma dynamics and storage in the Erebus plumbing system.
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Appendix A. Meaning of the column amount measured with DW-FOV DOAS spectrometers
The elemental light power dΦ received from the solid angle dΩ, associated to longitude θ and latitude α, by a lens aperture of surface A r is a function of the radiance (or intensity) L: dΦ = A r Lðθ; αÞdΩ:
ðA:1Þ
Considering a small lens aperture surface, the total light power received by a wide field of view capturing instantaneously the whole horizontal plume cross-section spectrometer is given by:
ðA:2Þ
where θ WFOV and θ NFOV are, respectively, the wide horizontal and narrow vertical angles of aperture of the field of view. The elemental solid angle can be written in spherical coordinates: dΩ = cos αdθdα: ðA:3Þ
The vertical angle of aperture of the wide field of view spectrometers θ NFOV being very small (8 mrad), the radiance can be assumed constant on the range of considered latitudes α. The total light power (Eq. (A.2)) is thus given by:
ðA:4Þ
and can be rewritten:
with L ̅ the mean radiance for θ 2 [−θ WFOV /2; θ WFOV /2]. An equivalent equation is valid for the light power received from the background sky
Combining Eqs. (A.5) and (A.6), we have:
Moreover, according to the Beer-Lambert law (simplified here by not explicitly including low-frequency components), we have:
where σ is the cross-section of the considered gas species and CA(θ) its slant column amount in the direction defined by θ. Note that the proof is exactly the same with the complete Beer-Lambert law, merely an additional step is required to remove the low-frequency component.
We If we take the mean of this expression with θ, assuming that the background has been collected for a uniform or clear sky and that L bg is consequently negligibly dependent on θ, we find: ðA:18Þ Fig. 8 illustrates the evolution of this relative error according to the strength of gas emission from the studied volcano.
Appendix B. Cases of failure of the correlation analysis linked to plume characteristics
Correlation analysis is successful when clearly defined structures are present in the selected window. But failures show up in the following cases:
(1) When a structure in the degassing is recorded at the first spectrometer but has faded or completely dissipated by the time it reaches the second spectrometer. (2) When there is no structure in the plume. In this case, the maximum of the CCF function which is obtained is not meaningful due to the presence of a few peaks with similar amplitudes. Checking the video footage recorded simultaneously with the DOAS measurements, we observed that these limits in the correlation analysis do occur when the plume appears less distinct with elongated and very few structured puffs, as opposed to smaller puffs with a clearly defined rise front due to a large contrast of density with the surrounding air.
Appendix C. Theoretical estimation of a rise speed of a buoyant puff
According to seismic observations, there were no explosions during our period of spectroscopic measurements and degassing consisted of the passive release of magmatic gases from the lava lake. The rise of these hot gas puffs, or thermals, is consequently mainly driven by buoyancy and not by an initial source momentum. Their ascent, during which they rapidly entrain colder atmospheric air through a large organized vortex ring and expand, can be described by
